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ABSTRACT
Context. Following the historical observations of GW170817 and its multi-wavelength afterglow, more radio afterglows from neutron
star mergers are expected in the future as counterparts to gravitational wave inspiral signals.
Aims. We wish to describe these events using our current knowledge of the intrinsic population of neutron star mergers coming from
gamma-ray burst science, and taking into account the sensitivities of current and future gravitational wave and radio detectors.
Methods. This is done by coupling a semi-analytical model for the jet-dominated radio afterglow from a neutron star merger, an
analytical simplified model for the gravitational wave signal from such events, and a population model prescribing the energetics,
external density and other relevant parameters of the mergers.
Results. We report the expected distributions of observables (distance, orientation, afterglow peak time/flux, etc.) from future events
and study how these can be used to further probe the population of binary neutron stars, their mergers and related outflows dur-
ing future observing campaigns. In the case of the O3 run of the LIGO-Virgo Collaboration, the radio afterglow of one third of
gravitational-wave-detected mergers should be detectable–and detected if the source is localized thanks to the kilonova counterpart–
by the Very Large Array, and these events should have viewing angles similar to that of GW170817.
Conclusions. These findings confirm the radio afterglow as a powerful insight on these events, though some key afterglow-related
techniques–such as Very Long Base Interferometry imaging of the merger remnant–may no longer be possible as the gravitational
wave horizon increases.
Key words. Methods: statistical – Stars: neutron – Gravitational waves – Gamma-ray burst: general – Gamma-ray burst: individual:
GRB170817A
1. Introduction
The first detection of the gravitational waves (GW) from the
inspiral phase of a binary neutron star merger (Abbott et al.
2017, 2019) was followed by all three electromagnetic counter-
parts expected after the coalescence: a short gamma-ray burst
(GRB) (Goldstein et al. 2017; Savchenko et al. 2017), its multi-
wavelength afterglow (AG) in the X-ray (Haggard et al. 2017;
Margutti et al. 2017; Troja et al. 2017), radio (Hallinan et al.
2017) and optical bands (Lyman et al. 2018) and an optical-IR
thermal transient source (Evans et al. 2017; Arcavi et al. 2017;
Lipunov et al. 2017; Soares-Santos et al. 2017; Valenti et al.
2017; Tanvir et al. 2017; Cowperthwaite et al. 2017; Drout et al.
2017; Kasliwal et al. 2017; Coulter et al. 2018), which allowed
to localize the event with sub-arcsecond precision in the S0-type
galaxy NGC4993 at a distance of 40.7± 3.3 Mpc (Palmese et al.
2017; Cantiello et al. 2018). This thermal transient showed ev-
idence for heating from r-process nucleosynthesis (Pian et al.
2017; Smartt et al. 2017), classifying it as a “kilonova” (KN),
the first with such detailed observations.
According to estimates on joint GW-GRB events by
Beniamini et al. (2019), such a combined detection of
GW+GRB+AG+KN should remain rare. Indeed, GRB170817A
would not have been detected at a distance larger than 50 Mpc
(Goldstein et al. 2017) or from a viewing angle larger than 25◦.
What can we expect regarding the afterglows of future events
during the present O3, and future observing runs of the LIGO-
Virgo Collaboration (LVC)? What will be the future rates of GW
and joint GW-AG observations from binary neutron star merg-
ers? How will the future events distribute themselves in terms of
observables such as the viewing angle θv, distance D, afterglow
peak time and peak flux tp and Fp and proper motion µ?
In this paper1, we consider these questions from the angle of
a population study. Precisely, we generate a sample of mergers
with an intrinsic variability in parameters such as kinetic energy,
external medium density and shock microphysical conditions,
etc. These reflect prior knowledge from GRB science and ob-
servations of the 170817 event. We then calculate the afterglows
arising from these mergers in the context of a jet-dominated af-
terglow emission, and finally apply criteria of current and future
GW and EM detectors to determine those events which will be
detected jointly in GW and EM domains. These make up a pop-
ulation of events likely to be observed, for which we can study
the distributions of observables.
Such a population model for short GRB afterglows was al-
ready considered by Saleem et al. (2018a,b), with detailed nu-
merical models for the multi-band afterglow and GW signals,
but without clear astrophysical motivation for the event param-
eter distributions. Moreover, the discussion was centered on
the parameter-space constraints one can derive from detections
or non-detections of the afterglow in various electromagnetic
bands, and on the conditions to observe afterglows from off-axis
lines-of-sight. Here, we will rather discuss the effect of the pop-
1 Preliminary results were presented at the 8th Fermi Symposium in
Baltimore (October 2018); see presentation here.
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ulation parameters and detector configurations on the expected
population of afterglows.
More recently, this approach was also followed by Gottlieb
et al. (2019), and again our study differs in that it accounts for
some prior knowledge on short GRBs (such as their luminosity
function) and observations from GW170817 to sharpen our pre-
dictions on the events to come. This allows a detailed study of
the impact of the population parameters on the predicted obser-
vations.
Our study relies on the following assumptions:
– In most cases the merger produces a successful central jet,
whose contribution dominates at the peak of the afterglow.
This is clearly a strong assumption that will have to be val-
idated by future observations. Recent studies based on the
population of short GRBs (Beniamini et al. 2019) and the
dynamics of jets interacting with merger ejecta (Duffell et al.
2018) suggest that successful jets could be common in these
phenomena.
– In this case, the afterglow peak flux depends on the jet’s pa-
rameters (isotropic kinetic energy Eiso,c, opening angle θj of
the central core jet, shock microphysics parameters e, B and
p), on its environment (external medium density n), and its
viewing conditions (the distance and viewing angle). The
distributions of most of these quantities remain quite un-
certain. They rely on afterglow fitting of a limited sample
of short GRB afterglows with known distance (e.g. Berger
2014; Fong et al. 2015), on the expectation that short GRBs
generally occur in a low density environment and on the re-
sults obtained on the (up to now) single event GRB170817A
(e.g. van Eerten et al. 2018).
This publication is organized as follows. In Sec. 2 we de-
scribe our models to calculate the afterglow emission and de-
tail the input parameters of our population model. In Sec. 3 we
give the criteria for GW and radio afterglow detection we apply
to obtain the observed population from the intrinsic population.
In Sec. 4 we report general results on the observed population,
describe its characteristics (viewing angle, peak time and peak
flux, proper motion distributions) and study their sensitivity to
the detector configurations and the population model parame-
ters. In Sec. 5, we discuss our results in the context of future
multi-messenger campaigns and how they may help to interpret
observations therein.
2. A population model for binary neutron star
merger afterglows
2.1. Peak flux and peak time of the radio afterglow
The multi-wavelength afterglow of GW170817 is associated
with the deceleration of a structured relativistic jet emitted by
the central source formed after the merger, and more precisely to
the synchrotron emission of electrons accelerated by the forward
shock propagating in the external medium. It was observed for
more than 300 days. The time evolution is similar at all wave-
lengths, indicating that the emission is produced in the same
spectral regime of the slow cooling synchrotron process, i.e.
νm < ν < νc, and that the non-thermal distribution of shock
accelerated electrons has a non-evolving slope p ∼ 2.2 (Nakar
et al. 2018; Mooley et al. 2018b; van Eerten et al. 2018). The
observed slow rise of the afterglow is a clear evidence of the
lateral structure of the outflow, which is observed off-axis with
a viewing angle θv ∼ 15 − 25◦ and the observed flux is ini-
tially dominated by the relativistically beamed emission from
mildly-relativistic/mildly-energetic material coming towards the
observer (Mooley et al. 2018c). Due to the deceleration, the rel-
ativistic beaming becomes less and less efficient and regions
closer to the jet axis start to contribute to the flux. The peak is
reached when the core jet, with an opening angle θj of a few de-
grees, becomes visible, when its Lorentz factor has decelerated
down to Γ ∼ 1/θv. The alternative possibility, a quasi-spherical
mildly relativistic ejecta with a steep radial structure (Kasliwal
et al. 2017; D’Avanzo et al. 2018; Gottlieb et al. 2018; Ho-
tokezaka et al. 2018; Mooley et al. 2018c; Nakar & Piran 2018;
Gill & Granot 2018; Troja et al. 2018) is strongly disfavored by
radio VLBI observations, which confirm the emergence of a rel-
ativistic core jet at the peak of the afterglow, showing an apparent
superluminal motion with βapp ∼ 4 (Mooley et al. 2018a) and a
compact angular size of the radio source below 2 mas (Ghirlanda
et al. 2019). The lateral structure of the jet is constrained by ob-
servations: best fits are obtained for a sharp decay of the kinetic
energy and the Lorentz factor with the angle θ from the jet axis
(Lamb & Kobayashi 2017; Lazzati et al. 2017a,b; Troja et al.
2017, 2018; Resmi et al. 2018; Gill & Granot 2018; D’Avanzo
et al. 2018; Margutti et al. 2018). Typically, for a top-hat core jet
with an opening angle θj, an isotropic equivalent kinetic energy
Eiso,c = 4pic and a Lorentz factor Γc surrounded by a sheath with
a power-law structure for the kinetic energy per solid angle (θ)
and the Lorentz factor Γ0(θ), the required initial distributions are
(θ) = c
{
1 if θ ≤ θj(
θ/θj
)−a
if θ ≥ θj (1)
and
Γ0(θ) = 1 + (Γc − 1)
 1 if θ ≤ θj(θ/θj)−b if θ ≥ θj , (2)
with steep slopes a, b & 2 (Gill & Granot 2018; Ghirlanda et al.
2019).
An example of the radio lightcurves obtained for such a
structured jet is plotted in Fig. 1 (left) using parameters typi-
cal of the various fits to the data that have been published (see
e.g. Gill & Granot 2018; van Eerten et al. 2018; Ghirlanda et al.
2019). To compute this lightcurve, the dynamics of the material
at a latitude θ are computed independently of those at other lati-
tudes (neglecting any lateral motion), with a deceleration radius
Rdec(θ) =
(
3(θ)
Γ20(θ)nmpc
2
)1/3
which is constant in the core and slowly
increases with θ outside the core (Rdec(θ) ∝ θ(2b−a)/3'0.17).
Then, the synchrotron emission of shock accelerated elec-
trons in the shock comoving frame is assumed to follow the stan-
dard synchrotron slow-cooling spectrum (Sari et al. 1998) in-
cluding self-absorption. Finally, the observed lightcurve is com-
puted by summing the contributions of all latitudes on equal-
arrival time surfaces, taking into account the relativistic beaming
and Doppler boosting.
The separate contributions of the core jet and the sheath are
plotted in Fig. 1 (left) and the emergence of the core at the peak is
clearly visible. The evolution of the peak flux of the same struc-
tured jet is plotted in Fig. 1 (right) as a function of the view-
ing angle, as well as the ratio of the peak flux to the peak flux
from the core jet only. Interestingly, this ratio is almost constant
(∼ 1.5), except for θv ≤ θj when the core jet is seen on-axis and
is more dominant.
As long as the kinetic energy and the Lorentz factor decay
steeply with θ, the core jet is expected to dominate the flux at
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Fig. 1. Left: Radio light curve at 3 GHz of the afterglow of a structured jet with a sharp power-law structure at a distance D = 42 Mpc, with a
viewing angle θv = 22◦, an external density n = 3 10−3 cm−3, a core jet with θj = 4◦, Γc = 100, Eiso,c = 2 1052 erg, surrounded by a sheath with
a power-law lateral structure with a = 4.5 and b = 2.5 (see Eq. 1-2), and with microphysics parameters p = 2.2, e = 0.1 and B = 10−4. The
radio observations of GW170817 are also plotted and are compiled from Hallinan et al. (2017); Alexander et al. (2018); Margutti et al. (2018);
Mooley et al. (2018b,c); Dobie et al. (2018). The respective contributions of the core jet (θ ≤ θj), the sheath and the total are plotted in dashed,
dotted and solid red lines. The flux of the core jet computed with the simplified treatment described by Eq. 3 is also plotted in dashed blue line for
comparison. Bottom right: Peak flux of the same structured jet as a function of the viewing angle θv (solid red line), peak flux of the light curve
from the core jet only (dashed red line) or from the sheath only (dotted red line), and peak flux of the core jet as computed using the scaling law
in Eq. 5 (thin black line). Upper right: Ratio of the peak flux from the whole outflow (core jet+sheath) to that of the core jet only.
the peak whatever the viewing angle, even if the precise value
of the total-to-core ratio at the peak may slightly vary depending
on the details of the assumed lateral structure. Therefore, as our
population model considers only the properties of the afterglow
at the peak, i.e. when it can more easily be detected, it is enough
in the following to compute only the contribution of the core jet,
recalling that it may slightly underestimate the peak flux by a
factor ∼ 1.5. For a top-hat core jet as assumed above, this can be
done very efficiently by computing the dynamics with the same
simplification as above, and by computing the flux using the ap-
proximation suggested by Granot et al. (2002) to avoid the full
integration over equal-arrival time surfaces.
Precisely, we compute the flux F isoν (tobs) of a spherical ejecta
with initial Lorentz factor Γc and kinetic energy Eiso,c, and we
correct it by
Fν(tobs) = Fonν (tobs) = F
iso
ν (tobs) ×
 1 if Γθj ≤ 1(Γθj)−2 if Γθj ≥ 1
for θv ≤ θj (on − axis)
= a3Fonν/a(b tobs) for θv > θj (off − axis) ,
(3)
with a = 1−β
1−β cos (θv−θj) and b =
1− Rct
1− Rct cos (θv−θj)
where t is the source
frame time. The latter correction, corresponding to the ratio of
on-axis/off-axis arrival times is not included in Granot et al.
(2002) and is found to improve the quality of the approxima-
tion. The corresponding light curve is plotted in Fig. 1 (left) and
agrees well with the exact calculation.
This emission of the core jet corresponds to the standard cal-
culation of the afterglow of a top-hat jet. Therefore analytical
expressions for the properties at the peak are available. They de-
pend slightly on the assumptions for a possible late jet lateral
expansion. If lateral expansion is taken into account like in stan-
dard GRB afterglow theory, the peak flux of the radio light curve
scales as (Nakar et al. 2002):
Fp,ν ∝ Eiso,c θ2j n
p+1
4 
p−1
e 
p+1
4
B ν
1−p
2 D−2 max
(
θj, θv
)−2p
, (4)
as long as the spectral regime remains νm < ν < νc. This leads to
the following expression2 of the peak flux at 3 GHz:
Fp,3 GHz = 8.6 E52 θ2j,−1 n
4/5
−3 
6/5
e,−1 
4/5
B,−3
× D−2100 max
(
θj,−1, θv,−1
)−4.4
mJy , (5)
where E52 = Eiso,c/1052 erg, θj,−1 = θj/0.1 rad, n−3 =
n/(10−3 cm−3), e,−1 = e/10−1, B,−3 = B/10−3, θv,−1 =
θv/0.1 rad and D100 = D/(100 Mpc), and where we assume
p = 2.2. This scaling law is plotted in Fig. 1 (right) and agrees
well with the detailed calculation. The expression of the corre-
sponding peak time is also given by Nakar et al. (2002), assum-
ing lateral expansion of the jet. However, even if late observa-
tions of GRB 170817A may give some evidence for lateral ex-
pansion of the core jet (with a temporal decay index −p, as sug-
gested by Mooley et al. 2018b), it is not clear if this expansion
2 We neglect the effect of redshift, as the events at play here are within
the GW horizon distance of first generation interferometers, i.e. with
z ≤ 0.1.
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should be as strong for a core jet embedded in a sheath as for a
“naked” top-hat jet. Therefore we also consider a limit case with-
out lateral expansion. This only slightly affects the peak flux and
Eq. 5 above remains a good approximation in both cases. On the
other hand, it modifies the peak time, leading to:
tp,no ex ∼ tb ×
(
θv
θj
)8/3
= 137
(
E52
n−3
)1/3
θ8/3v,.35 days
(6)
and
tp,ex ∼ tb ×
(
θv
θj
)2
= 60
(
E52
n−3
)1/3
θ2/3j,−1 θ
2
v,.35 days
(7)
where tb is the standard jet break time,
tb = 4.9 (E52/n−3)1/3 θ8/3j,−1 days . (8)
The ratio of the peak times without and with lateral expansion is
simply
tp,without
tp,with
∼
(
θv
θj
)2/3
. (9)
In the following, except if mentioned otherwise, we use Eqs. 5-7
to estimate the peak flux and peak time of the radio afterglow
from a BNS merger.
2.2. Physical parameters of the jet and their intrinsic
distribution
To generate a population of jet afterglows we have to fix the var-
ious parameters appearing in Eqs. 5–7. We first define a set of
“fiducial distributions” for these parameters. We will present in
Sec. 4 the corresponding predicted distribution of observables,
and discuss the impact of some possible variations around this
reference case. The parameters of our fiducial model are sum-
marized in Tab. 1 and have been chosen as follows:
– Jet isotropic equivalent kinetic energy Eiso,c: we adopt a bro-
ken power law distribution, which we directly deduce from
the gamma-ray luminosity function of cosmological short
GRBs, assuming a standard rest frame duration 〈τ〉 = 0.2
s and a standard efficiency fγ = 0.2 (Beniamini et al. 2016)
so that Eiso,c ∼ Lγ 〈τ〉/ fγ, leading to a density of probability
φ
(
Eiso,c
)
=
1
N
dN
dEiso,c
∝
{
E−α1iso,c for Emin ≤ Eiso,c ≤ Eb
E−α2iso,c for Eb ≤ Eiso,c ≤ Emax
(10)
where φ is normalized to unity. We fix Emin = 1050 erg
and Emax = 1053 erg. Luminosity functions for short GRBs
have been deduced from observations by several groups (e.g.
D’Avanzo et al. 2014; Wanderman & Piran 2015; Ghirlanda
et al. 2016). For our fiducial model, we adopt that of
Ghirlanda et al. (2016) with α1 = 0.53, α2 = 3.4 and a break
luminosity Lb = 2 1052 erg.s−1 leading to Eb = 2 1052 erg.
– Jet opening angle θj: for simplicity we assume a single
value θj = 0.1 rad, which appears to be representative of
the typical value found by fitting the afterglow light curve
of GW170817 (e.g. Gill & Granot 2018; van Eerten et al.
2018), by the VLBI observations of the remnant (Mooley
et al. 2018a) and also consistent with the results of prior short
GRB afterglow fitting (Fong et al. 2015)and short GRB/BNS
merger rate comparisons (Beniamini et al. 2019).
– External density n: most BNS mergers are expected to oc-
cur in low density environments due to a long merger time,
as assessed by the significant offsets of short GRB sources
from their host galaxies (e.g. Nakar 2007; Troja et al. 2008;
Fong et al. 2010; Church et al. 2011; Berger 2014). In the
case of GW170817, afterglow fitting leads typically to n ∼
10−3 cm−3, in agreement with the study of the HI content es-
timation of the host galaxy NGC 4996 (Hallinan et al. 2017).
The external densities observed in short GRBs cover the in-
terval 10−3 − 1 cm−3 (Berger 2014), but this is probably bi-
ased towards high densities, which favor afterglow detection.
In this work we consider n ∼ 10−3 cm−3 as typical and there-
fore take for the fiducial density distribution a log-normal of
mean −3 with standard deviation of 0.75.
– Microphysics parameters: we adopt the common value e =
0.1 generally used in GRB afterglow models (Wijers &
Galama 1999; Panaitescu & Kumar 2001; Santana et al.
2014; Beniamini & van der Horst 2017; D’Avanzo et al.
2018) and also adopted in most fits of the afterglow of
GW170817 (e.g. van Eerten et al. 2018; Margutti et al. 2018;
Nakar et al. 2018; Xie et al. 2018). We take p = 2.2, which is
also a common value used in GRB afterglow models and is
in agreement with shock acceleration theory in the relativis-
tic regime (e.g. Sironi et al. 2015). In the case of GW170817
this value can be directly measured from multi-wavelength
observations (Mooley et al. 2018b,c; van Eerten et al. 2018).
Finally, more diversity is generally expected for B. We as-
sume a log-normal distribution similar to the one adopted for
n with the additional constraint that B is restricted to the in-
terval [10−4, 10−2].
In Sec. 4.2 we consider possible alternatives to these fiducial
distributions. In particular, we discuss the impact of the large un-
certainties on the distribution of kinetic energy, φ
(
Eiso,c
)
, either
due to the difficulty to measure the luminosity function of short
GRBs, or to our simplifying assumptions regarding the duration
and the efficiency of the prompt GRB emission. We also explore
different values of the jet opening angle θj. For the external den-
sity, n, we study the effect of an increase of the mean value of
the log-normal distribution. Finally, we discuss the impact of our
assumptions for the microphysics parameters.
3. From the intrinsic to the observed population:
GW+radio joint detection
3.1. GW detection criterion
The signal-to-noise ratio (SNR, denoted by ρ) of an inspiral sig-
nal in a single LIGO-Virgo-type interferometer can be written as
ρ2 = Θ
2
D2M5/3S I (Finn & Chernoff 1993), where D is the lumi-
nosity distance to the binary,M is the chirp mass of the binary,
S I is a quantity depending only the sensitivity profile of the in-
terferometer, and Θ2 represents the dependence of the signal to
the binary sky position (θ, φ) and orientation (θv, ξ) with respect
to the plane of the interferometer. Again, θv is the angle of the
line-of-sight to the binary polar direction, which we will also
suppose is the jet-axis direction. Θ2 admits a global maximum
of Θ2M = 16 corresponding to an optimally positioned and ori-
ented source (binary at the zenith and polar axis orthogonal to
the instrument’s arms). This optimal binary can be detected out
to a distance known as the horizon H of the instrument, which
depends on the SNR threshold for detection, taken to be ρ0 = 8
for the LVC network. We may thus rewrite the SNR in the fol-
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Table 1. Fiducial model parameter distributions.
Parameter Symbol Probability Distribution Function
Jet isotropic equivalent ki-
netic energy
Eiso,c Broken power law (Eq. 10), with α1 = 0.53, α2 = 3.4
Jet half-opening angle θj 0.1 rad ∼ 5.7◦
External medium density n Log-normal distribution, central value n0 = 10−3 cm−3,
standard deviation σn = 0.75
Electron redistribution pa-
rameter
e Fixed at 0.1
Magnetic field redistribution
parameter
B Same Log-normal as n, restricted to [10−4, 10−2]
Electron population spectral
index
p Fixed at 2.2
lowing manner:
ρ2 = ρ20
Θ2
Θ2M
H2
D2
. (11)
In a full population study, one would have to draw all four angles
and evaluate this criterion in every case. We choose to reduce the
number of parameters to two: D and θv, as these are the ones rel-
evant to the afterglow. We must thus review this criterion by av-
eraging Θ2 on sky-position (θ, φ) and polarization angle ξ. This
is readily done from the expression given in Finn & Chernoff
(1993) (Eq. 3.31) and it is found analytically that:
〈Θ2〉ξ,θ,φ = 14pi2pi
∫
dξ dΩ Θ2
= 45
(
1 + 6 cos2 θv + cos4 θv
)
.
(12)
Hence, we use the following criterion to determine those bi-
naries of inclination θv and distance D which are detectable in
GW on average in the sky:
〈ρ2〉ξ,θ,φ > ρ20 , (13)
which is:√
1 + 6 cos2 θv + cos4 θv
8
>
D
H¯
, (14)
where we have denoted H¯ =
√
2
5H ∼ H/1.58 the sky-position-
averaged horizon.
Averaging Θ2 on inclination angle θv and imposing a SNR
threshold as in Eq. 13 would lead to the simple detection crite-
rion of D < R, where R is the range of the instrument, i.e. the
maximum distance to which a binary can be detected on aver-
age in sky-position and in orientation. The range is linked to the
horizon by H = 2.26R.
The criterion of Eq. 14 is valid for the detection using a sin-
gle instrument. Instead, GW detection by the interferometer net-
work is based on multi-instrument analysis, and is thus more
complicated than that described by our criterion. Furthermore, as
it was illustrated in the case of GW170817, true joint GW+AG
detection requires the pin-pointing of the source, which in turn
involves a small enough localization map from the GW data3,
and our criterion should incorporate this. We choose a simple lo-
calization criterion by supposing that a source is localized if it
is detectable (once again on average) by the two most sensitive
3 and the detection of the kilonova counterpart, which proved impos-
sible in the recent merger candidates S190425z and S190426c.
interferometers of the network. Thus our detection-localization
criterion is that of Eq. 14, with the horizon of the second most
sensitive instrument of the network, i.e. the LIGO-Hanford in-
strument. Tab. 2 reports the corresponding values taken for our
study for the LVC O2, O3 runs and for the design interferome-
ters.
In this framework, the mean viewing angle of GW-detected
events is ∼ 38◦ regardless of the horizon value. Also, the fraction
of GW-detected events among all mergers is ∼ 29%, indepen-
dently of the horizon. This is thus an absolute maximum to the
fraction of mergers to be jointly detected in both radio and GW
channels.
Table 2. Horizons used for the GW detection-localization criterion in
our study. They are deduced from the published BNS ranges of the in-
struments (Abbott et al. 2018) by H = 2.26R and considering the value
for LIGO-Hanford (see text for details of this choice).
LVC Run H (Mpc) H¯ =
√
2
5 H (Mpc)
O2 136 86
O3 226 143
Design 429 272
3.2. Radio detection criterion
The detection criterion in the radio band is simply that the 3 GHz
peak flux as determined by our models be larger than the sensi-
tivity of the radio array available for follow-up at the time con-
sidered, which we will denote by s. We note that this is a crite-
rion for detectability rather than detection. True detection only
occurs if observations are pursued for long enough after the GW
merger signal, as the flux rises to its maximum. We also note that
events which are marginally detectable will provide only poor
astrophysical output because the inference of jet parameters re-
quires the fitting of an extended portion of the radio afterglow
light-curve.
We will take two typical radio sensitivities reflecting the
present and future capabilities of arrays: the Karl Jansky Very
Large Array (VLA), at s = 10 µJy, and the Square Kilometer Ar-
ray (SKA) or the Next Generation VLA (ngVLA) at s = 1 µJy.
The combination of this radio detection criterion with that in the
GW domain (Eq. 14) constitute a criterion for joint detection of
mergers.
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Fig. 2. Left: Detected fraction of radio afterglows among gravitational wave events as a function of the horizon distance H = 1.58H¯. Right:
Expected number of detections normalized to the case of a horizon distance of H = 226 Mpc (O3) and a radio detection limit of 10 µJy (VLA). In
both panels the full (resp. dashed) lines correspond to a s = 10 µJy (resp. s = 1 µJy) flux limit. The three dots represent the results for the O2, O3
(s = 10 µJy limit) and design (s = 1 µJy limit) configurations.
4. Results: detection rates and properties of the
detected population
4.1. Fiducial model
In this section, we describe the population of events detected
jointly in the GW and radio domains. For this purpose, we use a
Monte Carlo approach where we simulate N > 106 binary sys-
tems within the sky-averaged horizon H¯ using the parameter dis-
tributions of the fiducial model described in Sec. 2.2. Applying
the detection criteria described in Sec. 3, We obtain NGW sys-
tems detected by the GW interferometer network and Njoint sys-
tems which are also detectable by radio-telescopes through their
afterglows. Then we study the properties of the sample of joint
GW+radio detectable events.
4.1.1. Rate of joint GW+Radio detectable events
Starting from the fraction fGW = NGW/N ∼ 29% of binary sys-
tems detected by the LVC (Sec. 3.1), we will now estimate which
fraction Njoint/NGW of those events also produce a detectable ra-
dio afterglow.
The results are shown in Fig. 2 (left) for O2 and O3 assum-
ing the present VLA sensitivity, and for the design configuration
of the LVC network assuming the ngVLA limits. In the design
configuration of the LVC network, ngVLA can detect 2.5 times
more events than VLA.
The number of detections (normalized to the value for H¯ =
143 Mpc and a threshold s = 10 µJy, i.e. the O3+VLA configu-
ration) is represented in Fig. 2 (right). The number of joint de-
tections behaves approximately as H¯α, with α < 3 because of
the reduction of the radio detection efficiency when the distance
increases (Fig. 2, left). We find α ' 2.3 (resp. 2.6) for a radio
sensitivity s = 10 µJy (resp. s = 1 µJy).
As illustrated in Fig. 2 (left) we find that the fraction of de-
tected events decreases from 47% (O2) to 34% (O3) with a lim-
iting sensitivity of 10 µJy. However the absolute number of de-
tections will increase (Fig. 2, right). With the design+SKA/ng-
VLA configuration, we recover a fraction of about half of the
cases that can lead to joint detections, like for O2+VLA. Indeed
the product sH¯2 is almost the same in the two configurations.
For completeness, the number of GW and jointly detected
events per continuous year of GW network operation for future
detector configurations can be found in Tab. 3, where we have
used the horizons of Tab. 2 and our fiducial model.
4.1.2. Distance and viewing angle
Distance. The distribution in distance is shown in Fig. 3 for
the O2 and O3 configurations. It can be seen that as a result of
the GW and radio detection thresholds, sources are progressively
lost when the distance increases so that this distribution exhibits
a near linear increase (as opposed to dN/dD ∝ D2 of the in-
trinsic homogeneous population). Up to D = H¯/
√
8 ' 0.35H¯,
all events are detected in GW, regardless of their orientation4
and the only selection is due to the radio sensitivity. Near the
horizon, the maximum viewing angle allowing GW-detection is
θmax ∝
√
1 − D/H¯, which produces a strict decrease of event
density.
4 It is only after this distance that events are detected in GW only if
θv ≤ θmax with cos θmax =
√
−3 +
√
8 + 8D2/H¯2. The differential distri-
bution of distances thus transitions from ∝ D2 before H¯/√8 to a non-
quadratic form afterwards, producing the small peak seen in Fig. 3. This
of course is only the consequence of our simplified GW sky-averaged
detection criterion (Eq. 14).
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Table 3. Number of detectable events per continuous year of GW network operation. The expected rate of GW-only events is taken from Abbott
et al. (2018) and values for joint events are derived using our fiducial population model. The uncertainties here are due to the uncertainty on the
merger rate in the local Universe derived from GW observations of the LVC O1 and O2 runs. The additional uncertainties related to the population
model will be discussed in Sec. 4.2.
LVC Run Radio Sensitivity GW Events Joint Events
s (µJy) NGW Njoint
O3 10 9+19−7 3
+6
−2
Design 10 21+44−16 5
+10
−4
Design 1 21+44−16 10
+21
−8
Fig. 3. Left: Differential distribution of the distances (normalized to the sky-position-averaged horizon) of events detected through GW only
(black), and jointly in the O2+VLA (blue) and O3+VLA (red) configurations. Right: Cumulative distribution of the same events.
Viewing angle. Fig. 4 shows the distribution of the viewing
angles. As a result of the rapid decline of the peak flux with an-
gle (Fp ∝ θ−2pv ) the peak of the distribution takes place at small
viewing angles θv ∼ 15 − 20◦ and about 40% (resp. 50%) of the
events are seen with a viewing angle θv < 20◦ for O2 (resp. O3),
the angle with which the GW 170817 event was seen. As shown
in Fig. 5 (left), the mean viewing angle of the jointly observed
events strongly depends on the GW horizon and the radio sen-
sitivity. It appears that even if the radio sensitivity is not largely
improved while the GW interferometers reach their design hori-
zons, there will remain a significant number of events seen off-
axis. The increasing and decreasing phases of these events’ after-
glows will allow to better study the jet structure which is better
revealed by off-axis events. Fig. 5 (right) shows the fraction of
on-axis events (θv ≤ θj) within the joint detections. It increases
from 5.6% (O2) to 8.6% (O3).
4.1.3. Peak times, peak fluxes and synchrotron spectral
regime
The distributions of peak times and peak fluxes are represented
in Fig. 6. The fraction of events with a peak time smaller than
150 days (as observed in GRB170817A) rises from about 54%
without jet expansion to 79% with lateral expansion. The distri-
bution in peak flux is shown for all sources which are detected in
gravitational waves within the sky-position-averaged horizon of
O2, O3 and design instruments. It appears clearly that for the
present VLA sensitivity, most radio afterglows cannot be de-
tected. This explains why improving the sensitivity of the fu-
ture ngVLA has such an impact on the joint detection rates, as
discussed in Fig. 2. However, even in the O3 configuration, the
ngVLA sensitivity is still above the predicted averaged value of
the radio peak flux.
The scaling law used to compute the radio emission at the
peak assume that the observing frequency remains in the same
spectral regime of the slow cooling synchrotron spectrum, i.e.
νm < ν < νc, and above the absorption frequency. Using our
more detailed calculation of the radio afterglow from the core
jet (Eq. 3 and text thereabove), we could check that this condi-
tion was fulfilled for the bulk of the population. However, for
mergers in high density environments (larger than 10 cm−3), this
condition is not longer met as the absorption frequency νa and
the injection frequency νi may be larger than the radio frequency
at early times. For an event with n = 10 cm−3 and θv ∼ 40◦ (the
GW mean angle), the radio frequency typically meets the injec-
tion (resp. absorption) break around 30 days (resp. 100 days). In
this case, chromatic lightcurves are expected.
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Fig. 4. Left: Differential distribution of the viewing angles of events detected through GW only (black), and jointly in the O2+VLA (blue) and
O3+VLA (red) configurations. Right: Cumulative distribution of the same events.
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Fig. 5. Left: Mean viewing angle of the jointly detected events, as a function of the horizon H = 1.58H¯ and the radio sensitivity s. The values of H
for O2, O3 and design instruments as well as s for VLA and SKA/ng-VLA are indicated in dashed line. Right: Fraction of on-axis events (defined
by θv ≤ θj) among jointly detected events in the same H–s diagram.
4.1.4. Proper motion
Another independent observable is the proper motion of the rem-
nant, which can be readily accessible to VLBI measurements as
illustrated in the case of GRB170817A (Mooley et al. 2018a;
Ghirlanda et al. 2019). An upper limit of the proper motion is
obtained assuming that the core jet contribution dominates at the
peak of the radio light curve, and that the shocked region at the
front of this core jet constitutes the visible remnant of the merger.
In first approximation, afterglows from jets peak when the ob-
server enters the focalization cone of the radiation, i.e. Γ 1/θv.
For an off-axis observer, we therefore estimate the maximum
proper motion to be:
µmax =
cβapp
D
=
c
D
f (θv) (15)
with
f (θv) =
√
1 − θ2v sin θv
1 −
√
1 − θ2v cos θv
. (16)
The distribution of µmax is shown in Fig. 6.
For a given angular resolution, the VLBI network can only
measure proper motions above a limit µlim. Thus, for a given
value of the viewing angle, there is a maximum distance beyond
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Fig. 6. Left: Cumulative distribution of the peak times of the radio afterglow for jointly detected events in the O3+VLA configuration, assuming a
jet with (solid line) or without (dashed line) lateral expansion. Middle: Differential distribution of the peak fluxes of GW-detected events assuming
the horizon for the O2 (blue), O3 (red) and design (black) configurations of the GW interometers. The radio sensitivities for VLA and SKA/ngVLA
are indicated for comparison. Right: Differential distribution of the maximum proper motion for jointly detected events assuming the O2+VLA
(blue), O3+VLA (red), design+SKA (black). The dashed vertical line shows the lower limit for detection of the proper motion.
which the measurement of the proper motion is not possible. It
is given by
Dmax(θv) =
c
µlim
f (θv) ∼ 50 f (θv) Mpc , (17)
where we have adopted µlim = 3 µas/day, inspired by the uncer-
tainties quoted in Mooley et al. (2018a). For O2 (resp. O3) the
measurement of the proper motion is possible in only 72% (resp.
54%) of the cases.
We finally represent in Fig. 7 various plots connecting
two observable quantities: (θv,D), (θv, Fp,3 GHz), (θv, tp) and
(D, µmax). The grey dots correspond to events detectable in GW
and the red ones to those detectable in both GW and radio. In the
(θv,D) diagram, the limiting distance for the measurement of the
proper motion (Eq. 17) is shown. This figure illustrates the vari-
ous observational biases discussed in this section, and especially
the bias towards small viewing angles, mainly due to the limiting
sensitivity of radio-telescopes.
4.1.5. Kinetic energy, external density and microphysics
parameters
The distributions of the kinetic energy Eiso,c and the external den-
sity n, which are not directly observable but may result from fits
of the afterglow, are shown if Fig. 8. In each case, the distri-
butions of jointly detected events are compared to the GW-only
detections. As the GW selection is independent of the kinetic
energy and density, these distributions are the intrinsic distribu-
tions of our population model (Tab. 1). As could be expected, the
detection of mergers leading to a relativistic core jet with a large
Eiso,c is favored. In detected mergers, the energy distribution ap-
proximately remains a broken power-law but the respective in-
dices below and above the break decrease from 0.53 to 0.2 and
3.4 to 3.2 respectively. The external density distribution is sim-
ply shifted to higher densities, as the mean value is increased by
a factor of ∼ 2. The distribution of the microphysics parameter
B is very similar to that of the density, because both parameters
appear with the same power in the peak flux (Eq. 5).
We find that the Lorentz factor of the jet at the time of peak
flux has a median value of ∼ 4 (i.e. ∼
(
θv − θj
)−1
for a jet with
θj = 0.1 rad seen with a mean viewing angle θv ∼ 20◦ found
for the O3+VLA configuration). This justifies to keep micro-
physics parameters representative of shock acceleration in the
ultra-relativistic regime for the whole population.
4.2. Impact of the population model uncertainties on the
predicted population
4.2.1. Jet energy distribution and opening angle
We now consider alternatives to our fiducial population model.
With a distribution of jet energy that increases below the break
(i.e. taking α1 < 0 in Eq. 10) as would be obtained from the
short GRB luminosity function of Wanderman & Piran (2015)
(α1 = −0.9) and still assuming the same standard values for the
duration and efficiency, the fraction of events detected in radio
would typically be three times smaller: 15% for O2 and 10% for
O3 compared to 47% and 34% with α1 = 0.5. The viewing angle
and peak times would also be strongly affected, showing peaks
for θv at only 8.6◦ (resp. 6◦) and 96% (resp. 98%) of afterglows
peaking before 150 days.
These results were obtained assuming a typical value fγ =
20% for the gamma-ray efficiency but one cannot exclude that fγ
may vary from from less than 1% to more than 20%. Estimates of
fγ from afterglow fitting have been indeed found to cover a large
interval (e.g. Lloyd-Ronning & Zhang 2004; Zhang et al. 2007).
Thus, the three orders of magnitude in isotropic gamma-ray lu-
minosity could partially result from differences in efficiency, the
jet isotropic kinetic energy being restricted to a smaller interval.
Fig. 9 shows the effect of increasing the minimum kinetic en-
ergy Emin from 1050 to 1051.5 erg in the energy function deduced
from the short GRB luminosity function of Wanderman & Pi-
ran (2015) on the detected fraction, the mean viewing angle and
the fraction of afterglows peaking before 150 days. As could be
expected, when the minimum kinetic energy is increased above
1051 erg, the results become closer to those of the fiducial model
where the energy distribution function decreases below the peak.
We also show in Fig. 9 the effect of changing the typical
value of the jet opening angle from 0.1 to 0.05 or 0.2 rad. When
θj = 0.05 (resp. 0.2), the detected fraction decreases (resp. in-
creases) by about 50%, the mean viewing angle decreases (resp.
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Fig. 7. Predicted populations of GW-detected (grey) and jointly detected (red) mergers in the planes of various pairs of observables, for the
O3+VLA configuration. Upper left: Distance and viewing angle, as well as the maximum distance to which the proper motion can be measured
(Dmax(θv), see Eq. 17, blue line). Upper right: Peak flux and viewing angle. Lower left: Time of radio afterglow peak (assuming lateral expansion
of the jet) and viewing angle. Lower right: Maximum remnant proper motion and distance, as well as the limiting proper motion µlim (blue line).
increases) by ∼ 3◦, and the peak of the light curve takes place
later (resp. earlier).
4.2.2. External density distribution and microphysics
The external medium acts as a revelator for the jet afterglow, and
the peak flux is greatly dependent on its density, as can be seen
from Eq. 5. By changing the central value of the distribution
of external media, the fraction of joint events changes. This is
illustrated in Tab. 4, where we represent this fraction for different
external density distribution central values.
If there is indeed an excess of fast-merging NS binaries,
as indicated by e.g. Matteucci et al. (2014); Hotokezaka et al.
(2015); Vangioni et al. (2016); Beniamini & Piran (2016), these
should merge in higher density environments, producing brighter
afterglows and can notably contribute to the observed popula-
tion even if there are intrinsically less numerous. With a density
distribution centered at n = 10 cm−3 and the other parameters
taking their fiducial values, 97% of the GW events produce de-
tectable radio afterglows.
The microphysics parameter B enters in Eq. 5 with the same
power as the external density. Moreover our fiducial choices for
the distribution of these two quantities are nearly the same (with
simply a limit in range for B) so that changing its central value
affects the detected fraction in the same way.
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Fig. 8. Differential distribution of the core jet kinetic energy (left) and external medium density (right) of the GW-only (blue) and the jointly
detected events (red), in the O3+VLA configuration.
Fig. 9. Left: Fraction of joint events among GW events under the assumption of the WP15 short GRB luminosity function for different values of
the minimum kinetic energy Em, and for our fiducial model (dashed lines). The results are plotted for different values of the jet opening angle
θj = 0.05, 0.1 and 0.15 rad (red, black and blue lines respectively). Middle: Mean viewing angle (same color coding). Right: Fraction of joint
events with peaks earlier than 150 days post-merger, the time of peak being calculated with the hypothesis of jet lateral expansion.
5. Discussion and conclusion
We studied the population of binary neutron star mergers to be
observed jointly through GW and radio afterglow detection in
future multi-messenger observing campaigns. For this we have
assumed a likely population of mergers inspired by prior short
GRB science, and simulated the GW and jet-dominated radio
afterglow emissions from these. We have made predictions on
the rates of such future events, and on how the observables from
these events are expected to distribute themselves.
In the case of the ongoing O3 run of the LVC and assuming
our fiducial set of parameters (Tab. 1), we predict that ∼ 35% of
GW events should have a detectable radio afterglow. These joint
events should have mean viewing angles of ∼ 23◦, and should
peak earlier than 150 days post-merger in ∼ 80% of cases.
The fraction of these detectable events that can eventually
be detected depends strongly on the accuracy of the localization,
which is related to the size of the error box provided by the GW
network, the possible detection of an associated GRB and the
efficiency of the search for a kilonova, in terms of covered sky
area and limiting magnitude.
Indeed, we have applied a threshold on the GW SNR and ra-
dio afterglow peak flux to label an event as jointly detected. Thus
our study concerns the class of detectable events. As we know, a
proper joint detection requires localization of the event, through
the UV-IR detection of the kilonova counterpart. Also, once this
localization is acquired, a continuous monitoring of the remnant
up to ∼ 150 days may be necessary to detect the peak of the af-
terglow in the case of marginally detectable events. Even then,
only events with peaks somewhat larger than the radio thresh-
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Table 4. Fraction of joint events among GW events for different intrinsic
density distribution central values, for the O3+VLA detector configura-
tion, as calculated with the semi-analytical model (Eq. 3).
log(n0/cm−3) Njoint/NGW
-4 22 %
−3 40 %
−2 63 %
−1 83 %
0 94 %
1 97 %
old should yield observations of astrophysical interest because
extended observations of the rise, peak and decay of the after-
glow are necessary to resolve the structure and dynamics (e.g.
expansion) of the ultrarelativistic jet, as illustrated by the case of
GRB170817A.
Furthermore, as also illustrated in this event, the lateral ma-
terial may also contribute to the peak flux of the radio afterglow.
Fig. 1 (right) shows that this may increase the peak flux by a fac-
tor of up to 1.5. In this case, our O3 predictions are revised to a
fraction of 39% of events with detectable afterglow (instead of
34%), and a similar mean viewing angle of 23◦.
Also, VLBI measurements were instrumental to resolving
the structured jet riddle in the case of GRB170817A. Thus an
even more restrictive criterion for full event characterization
could be the detectability of the remnant proper motion. We have
shown in Sec. 4.1.4 that this would largely decrease the fraction
of events, especially in the context of design GW detectors.
We have studied the sensitivity of the expected observables’
distributions to the population parameters as well as the radio
and GW detector configurations. In particular, we have shown
the uncertainties on the rates and typical viewing angles of these
events inherited from the uncertainties on the luminosity func-
tion of short GRBs and of the density of the media hosting the
merger.
In Sec. 4.1.1 and 4.1.2 we have discussed the combined influ-
ences of increasing the radio and GW detector sensitivity on the
rate and viewing angle of the events. At this stage, both improve-
ments would be beneficial as the predicted rate in the current
O3+VLA is well below the critical 50% of joint events among
GW events. Also, as the GW horizon increases, more events will
be seen on-axis. In the case of an opening angle of 0.1 rad and
in the likely short-term evolution of the detector configuration
from O3+VLA (current) to design+VLA (early 2020s), we pre-
dict that 6% to 10% of events should be seen on-axis, increasing
the probability of a GRB counterpart in addition to the GW and
afterglow. This figure is fully consistent with that announced in
Beniamini et al. (2019) for events with a GW+GRB association.
In fact, as a GW+GRB association is equivalent to an on-axis
event, one may measure the opening angle of typical GRB jets
by considering the ratio of GW events with afterglow counter-
part only to events with both afterglow and GRB, thus exploiting
the new possibility of observing afterglows without detecting the
GRB.
More generally, a population of observed events corresponds
to an intrinsic population of mergers. Thus a comparison of a
statistical number of joint event observations to our predicted
distributions is a means of measuring fundamental parameters
of the population of mergers, and of constraining GRB quantities
such as their energy function.
Finally, future facilities such as the SKA may bring detec-
tions of orphan radio afterglows through deep radio surveys.
These would not be subject to the GW criterion and may probe
another sub-population of mergers, bringing yet another class of
constraints on these phenomena.
In conclusion, regardless of the evolution of GW and radio
detectors, mutli-wavelength afterglows will remain instrumental
in the study of binary neutron star mergers as revelators of both
their environment and their role as progenitors of short GRBs.
They will bring precious insight at the level of the population
of mergers and on an event-to-event basis, provided the sources
may be accurately localized in the sky.
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